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Abstract
HPLC:electrochemical detection was used to identify five major low MW water soluble electrochemically active molecules from
the aqueous humor of three species of mammals: New Zealand White rabbits and humans (diurnal) and Sprague–Dawley rats
(nocturnal). These molecules are L-cysteine (CYS), L-ascorbic acid (AA), glutathione (GSH), uric acid (UA) and L-tyrosine
(TYR); all of these molecules have known antioxidant properties. Nocturnal rat aqueous humor is concentrated in two thiols:
GSH (125 mM; n24 pooled eyes) and CYS (63 mM), in contradistinction to diurnal species which have high concentrations of
AA. No deterioration of any of these antioxidants occurs in a synthetic aqueous humor mixture irradiated with a physiologically
relevant spectral UV B dose of 30 mJ:cm2:h (5.5 UV equivalent sunlight hours). The same result occurred with addition of the
endogenous aqueous humor UV B photosensitizer L-tryptophan. In a second set of experiments, human synthetic aqueous humor
was subjected to hydrogen peroxide induced oxidant stress. The decay of antioxidants was CYS\GSH\AA\UA\TYR. The
second highest concentrated antioxidant in human aqueous humor is TYR. Yet TYR failed to protect AA against H2O2-induced
free radical damage in a synthetic aqueous humor model system (P0.10; ANOVA). The existence of multiple electrochemically
active constituents and their thermodynamic interactions must be recognized when choosing animal models to evaluate human
aqueous humor antioxidant defense. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
To understand the mechanism of defense against free
radical and oxidant damage, our laboratory has been
involved in the identification and characterization of
major water soluble antioxidants in liver, kidney, pan-
creas and intestinal mucosa with emphasis on the trans-
port and metabolism of ascorbic acid [1–4]. In ocular
tissue, we have turned our attention to the major low
MW water soluble electrochemically active components
in vitreous humor from New Zealand (NZ) rabbits,
cows and Sprague–Dawley (SD) rats, [5] and in human
tears [6]. One purpose of this paper is to compare
mammalian inter-species composition of aqueous hu-
mor low MW antioxidants. Secondly, a synthetic
aqueous humor solution containing these components
was subjected to two forms of physiologically relevant
oxidant stress: UV B radiation and hydrogen peroxide.
Aqueous humor is protected against free radical and
oxidant stress by a system that includes antioxidant
enzymes, chelating proteins and antioxidants, both lipid
and water soluble. Identification and quantification of
low MW water soluble protective factors is important
in understanding how aging, disease and nutritional
effects alter the concentrations of one or more compo-
nents such as ascorbic acid [7–9]. The mechanisms of
hydrogen peroxide detoxification in aqueous humor
and lens, including the role of ascorbic acid and glu-
tathione, have garnered attention [10,11]. The so called
‘pecking order’ for aqueous humor antioxidants, is
influenced by the individual concentrations and one
electron reduction potentials [12]. Inter-species differ-
ences in concentrations of aqueous humor electrochem-
ically active species is of paramount importance in
choosing appropriate animal models to study antioxi-
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dant protective systems. Such models might help us
understand ocular disorders such as uveitis, cataract
and glaucoma.
We confirm the existence of five electrochemically
active molecules in aqueous humor: ascorbic acid, glu-
tathione, the amino acids L-cysteine and L-tyrosine and
the purine metabolite uric acid. These occur in three
species of mammals: NZ White rabbits and human
cataract patients (diurnal) and SD rats (nocturnal).
Halliwell describes L-tyrosine as a singlet oxygen
quencher and notes that L-tyrosine and aromatics in
general are potent hydroxyl radical scavengers [13].
This is significant, because in human aqueous humor,
L-tyrosine is second highest in concentration next to
ascorbic acid.
2. Materials and methods
2.1. Reagents
Phosphoric acids were obtained from Fisher; L-cys-
teine, L-ascorbic acid, glutathione, uric acid, L-tyrosine,
M-tyrosine, DNTB (5,51 dithio-bis (2-nitrobenzoic
acid), uricase, mushroom tyrosinase (EC c 1.14.18.1),
desferrioxamine B, L-trytophan and hydrogen peroxide
were obtained from Sigma (St. Louis, MO).
2.2. Chromatographic system
Aliquots of 20 ml were injected onto an HPLC elec-
trochemical detection system that has been described in
detail [14]. Briefly, the chromatograph consists of a
Beckman Model 110B solvent pump, Waters 710B in-
jector, Waters Resolve C18 Guard-Pak pre-column,
Waters RCM 810 Module and Resolve reverse phase
C18 column. The detector is an ESA Coulochem 5100A
and model 5010 analytical cell that makes use of two
porous graphite electrodes. Detector output was cali-
brated in arbitrary units of current and integrated on a
Waters Model 745 data module. The mobile phase was
delivered at 1 ml:min and consisted of potassium dihy-
drogenphosphate (21.8 g:l) adjusted with ortho-phos-
phoric acid to pH 3.0.
Chemical compounds in aqueous humor were iden-
tified by their retention time on the column and their
unique signature on the analytical cell at a series of
voltage settings as described in detail [14,5]. There is
little sensitivity of the electrode system to the oxidized
molecule cystine. Thus the values reported in acidic
extracts subsequent to centrifugation can be considered
that of free reduced molecule.
Discrimination of cysteine with a retention time of
3.1 min from hydrogen peroxide with a retention time
of 2.9 min was problematic due to similar current-
voltage curves for the two molecules. Ellman’s reagent
(DTNB: dithio-bis(2-nitrobenzoic acid) was employed
with the final assay modified for small sample sizes [15].
DTNB complexed the sulfhydryl group of cysteine re-
sulting in null voltage from the analytical cell for the
3.1 min peak.
Uric acid was identified as an HPLC peak at a
retention time of 9.68 min that corresponded to a
commercial standard with an identical current voltage
curve. Uric acid was confirmed spectrophotometrically
by exposure of the sample to uricase. Because uric acid
absorbs @ 292 nm and the end products of the reaction
(allantoin, CO2 and H2O2) do not, decreased absorp-
tion is proportional to uric acid concentration. Alterna-
tively, HPLC:EC was employed to confirm
disappearance of uric acid after addition of uricase.
2.3. Acquisition, processing and transport of aqueous
humor
Research animals were obtained and cared for in
accordance with the recommendations of the OPRR
Public Health Service Policy on Humane Care and Use
of Laboratory Animals. At the DVA North Chicago
Animal Research Facility, (12) SD outbred 4-month-
old female rats, approximately 350 g, were euthanized,
in a CO2 chamber. Trans-corneal anterior-chamber
paracentesis was performed with a 28-gauge needle:tu-
berculin syringe pre-filled with 50 ml HPLC mobile
phase:N2 gas. Aqueous humor (150 ml) was pooled
from 12 rats (n24 eyes). Aqueous humor was also
obtained from live mature white NZ rabbits (2.5–5 kg)
using topical anesthesia and the same sampling proce-
dure. Rabbits have a large anterior-chamber. There-
fore, samples were harvested from single animals and
combined with an equal volume of HPLC mobile
phase, pH 3.
Human aqueous humor was recovered during extra-
capsular cataract-implant surgery from three elderly
patients at Department of Veteran’s Affairs Medical
Center, N. Chicago, IL. Approximately 100 ml of pre-
Healon® aqueous humor waste was placed in an eppen-
dorf container pre-filled with 100 ml HPLC mobile
phase.
Aqueous humor samples (animal or human) were
covered with N2 gas and frozen at 70°C.
2.4. Preparation of samples for HPLC:EC
All samples were processed within one week; this did
not affect stability (data not shown). An HPLC:EC
albumin standard (retention time5.5 min) was run,
and no samples demonstrated a peak at this retention
time, assuring that the blood-aqueous barrier was not
compromised during paracentesis. Each sample was
subsequently centrifuged 2 min at 14000g. For I:V
curve construction, injections at multiple D2 voltages
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necessitated dilution of aqueous humor with HPLC
mobile phase to a working volume of 400 ml. Electro-
chemical activity was assessed against Sigma standards
prepared daily.
2.5. Synthetic aqueous humor
Synthetic aqueous humor incorporating a suitable
buffer was formulated with double distilled water. The
buffer system was selected to have minimal inherent
confounding electrochemical activity. The synthetic
aqueous humor contained two buffers: KH2PO4–
H3PO4 and NaHCO3–CO2 gas. The electrolyte com-
position is based on published values (in mM) of 148
Na; K, 4; Cl, 134; HCO3, 20; Ca, 2; AA, 1.0; pH 7.4
[16]. Concentrations of water soluble antioxidants
determined in the first set of experiments for NZ
White rabbit aqueous humor were used. In the ‘hydro-
gen peroxide challenge’ experiments, a bolus of hydro-
gen peroxide was added to this synthetic aqueous
humor mixture of antioxidants and buffers to achieve a
final concentration of 500 mM hydrogen peroxide.
Challenge experiments subsequently were conducted
with or without L-tyrosine in order to evaluate this
amino acids role in a model human aqueous humor
system.
2.6. Radiation apparatus
The design, construction and calibration of a unique
apparatus for ultraviolet (UV B) irradiation of small
volumes of biological fluid under temperature-
controlled open atmospheric or closed cell conditions
of defined Po2 has been described [17]. Briefly, it
consists of a custom designed UV transmissible quartz
silica 3-port spectrophotometric cuvette coupled to
a deuterium UV B source by UV transmissible fiber
optics. The system stirs the fluid, regulates the tem-
perature and monitors oxygen, pH, temperature and
radiation. The apparatus produces a known photo-
chemical reaction with a UV B photosensitizer and
ascorbic acid.
Aliquots (400 ml) of freshly prepared synthetic
aqueous humor or biologic samples, were irradiated
under PO220.9%; PCO25%; 25°C in open and
closed cuvette conditions. HPLC:EC was used to deter-
mine simultaneously the concentrations of aqueous hu-
mor antioxidants at 15 min intervals with:without UV
B radiation, by withdrawing 25 ml samples from the
cuvette periodically. A chelator (desferrioxamine B) was
used initially, however consideration of the reaction
thermodynamics revealed less confounding without a
chelator. An aqueous humor endogenous UV B photo-
sensitizer at a physiologic concentration (33 mM L-tryp-
tophan) was included in select experiments.
2.7. Statistics
Repeated factors ANOVA significant P-values were
determined where the repeated factor is ‘time’ and both
a ‘between sample’ effect i.e. radiation:no radiation and
‘within sample’ effect i.e. the effect of time, were ana-
lyzed for significance using FASTAT (Evanston, IL)
statistical software.
3. Results
Fig. 1 displays a representative chromatogram of
aqueous humor from a mature NZ white rabbit depict-
ing retention times and the relative peak height:area for
each of five water soluble antioxidant species. A sixth
peak represents the peptide cysteinyl–glycine, a break-
down product of glutathione. This appears on some
chromatograms at a retention time of 4 min with an
identical current voltage curve to a Sigma standard as
previously described with vitreous humor [5].
Several lines of evidence suggest the 13 min chro-
matogram peak from each animal species is L-tyrosine.
The peak is the same retention time to 0.01 min, and
displays an identical current-voltage curve compared to
the standard. There is also concordance with chemical
characteristics. A Spectrum MWCO Centripor Concen-
trator® was used to arrive at a MW of less than 500
daltons. A pH titration curve (Fig. 2) indicates it con-
tains one or more NH groups. Failed digestion with
10% trichloroacetic acid indicates it is not a protein. It
Fig. 1. Representative chromatogram of five species of low MW
water soluble antioxidants in the aqueous humor of a mature NZ
White Rabbit by HPLC:EC. Five major peaks elute in the following
order: L-cysteine, L-ascorbic acid, glutathione, uric acid and L-ty-
rosine. A 6th peak: cysteinyl-glycine, a glutathione breakdown
product, occasionally appears between ascorbic acid and glutathione.
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Fig. 2. The pH titration curve of the aqueous humor 13 min retention time peak L-tyrosine; mature NZ White rabbit sample.
is not a sulfhydryl since it does not complex with DTNB
as does L-cysteine.
Chromatograms of candidate electrochemically active
aqueous humor molecules revealed no matching cur-
rent-voltage signatures except for L-tyrosine. Aqueous
humor molecules evaluated included proteins (i.e. trans-
ferrin), sugars, metabolic byproducts (i.e. pyruvate),
bipeptides, purine metabolites and reduced nucleotides
[18]. Also, the 13 min peak from NZ mature rabbit
aqueous humor is eliminated with mushroom tyrosinase
(Fig. 3). The 13 min fraction was also shown in prelim-
inary studies to be of low MW with direct chemical
ionization (DCI) and fast atomic bombardment (FAB)
using a Finnigan TSQ70B triple stage quadrupole mass
spectrometer.
The OH group on L-tyrosine is para. It is not the
structural isomer M-tyrosine which has a retention time
of 16.5 min (not shown).
3.1. Comparati6e physiology
Table 1 displays average concentrations of water
soluble antioxidants for each mammal. The concentra-
tion of free reduced cysteine in rabbit and human
aqueous humor is similar to that reported in the plasma
of healthy humans (9 mM) [19].
In agreement with Reiss, in both diurnal rabbits and
humans, ascorbic acid is the major water soluble antiox-
idant and the nocturnal rat has a low concentration of
aqueous humor ascorbic acid [20]. However, in the
nocturnal rat, our data demonstrate a significantly
greater concentration of glutathione compared to values
for rabbits and human patients. Low aqueous humor
glutathione concentration in diurnal species agree with
values of 16 mM for rabbits and 3.5 mM for cataract
patients [21]. Such low aqueous humor glutathione
concentration from diurnal species also contrast to high
millimolar cytoplasmic values. Furthermore glutathione
concentration reported herein and by Chakrapani for
cataract patients, is a few times higher than that re-
ported in ‘normal’ human aqueous humor (1.9 mM) [22].
Our value for uric acid concentration in humans is
similar to that reported for cataract patients (47–101
mM) by two groups [23,24]. The significance of higher
aqueous humor uric acid concentrations (in humans)
parallels that found by Ames et al. in plasma. They
proposed that a major factor in lengthening human life
span and decreasing age related cancer rates is plasma
uric acid level, which increased markedly during primate
evolution [25]. Rat uric acid concentration is close to
that reported for Wistar rats (3 mM) [26] and lower than
in rabbits.
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Fig. 3. Chromatogram demonstrating elimination of L-tyrosine with
the enzyme mushroom tyrosinase. This is a copper containing oxidase
enzyme widely distributed in plants, animals and man having activity
for catechols and cresol. (A) mature NZ White rabbit aqueous humor
(B) same, but with mushroom tyrosinase added.
water as ascorbic acid is oxidized to dehydroascorbic
acid (probably going through H2O2), then 2 moles of
ascorbic acid are consumed with 1 mole of oxygen.
3.2. H2O2 challenge or ‘Hierarchy’ experiments
The rationale for these experiments was to use an
alternative oxidant stress, hydrogen peroxide, which is
an end product of metabolic and photochemical reac-
tions. These experiments were undertaken since a phys-
iologic dose of UV B radiation did not deplete each
antioxidant, lower PO2, nor generate a significant con-
centration of hydrogen peroxide. The upper limit of
safety within the eye is unknown, but high concentra-
tions of hydrogen peroxide lead to ciliary process
swelling, increased iris blood vessel permeability and
lens damage. Hydrogen peroxide at 200 mM is consid-
ered the upper limit of safety for the corneal endothe-
lium; concentrations as high as 500 mM have been
found in the aqueous humor of some cataract patients.
A 500 mM hydrogen peroxide ‘challenge’ was selected.
Synthetic human aqueous humor and hydrogen perox-
ide are quite stable for at least 1 h at room temperature
(not shown).
A bolus of hydrogen peroxide was added at t0 min
to either synthetic aqueous humor or synthetic aqueous
humor without L-tyrosine, and the concentrations of
low MW water soluble antioxidants and hydrogen per-
oxide were followed for 1 h. The hierarchy of human
aqueous humor water soluble antioxidants to a hydro-
gen peroxide challenge (without radiation and high
oxygen) was: CYS\GSH\AA\UA\TYR, (n3
trials). This result agrees quite well with Buettner’s
predicted ‘pecking order’ or hierarchy, based on ther-
modynamics [12]. Hydrogen peroxide being a strong
oxidant with a positive one electron redox potential
oxidized the thiols quickly because of a combination of
auto-oxidation, a redox potential more negative than
hydrogen peroxide and their low concentration. Ascor-
bic acid being a strong reductant with a low positive
redox potential was next to be oxidized. Uric acid and
tyrosine were last.
Fig. 4 illustrates that ascorbic acid tends to oxidize
more rapidly in the presence of L-tyrosine (P0.10;
3.1.1. Radiation experiments
Single component (cysteine, ascorbic acid, glu-
tathione, uric acid or tyrosine) and multicomponent
experiments with and without a chelator (0.1 mM des-
feral) or an endogenous UV B photosensitizer (33 mM
L-tryptophan) elicited no change in concentration from
control (no radiation) when a UV B dose of 30 mJ:cm2
per h of radiation was applied. This is the equivalent to
the dose of UV B found in 5.5 h of sunlight [17]. In
pooled human aqueous humor, there was also no
change in the concentration of any electrochemically
active species upon irradiation of the cuvette. These
results are consistent with the finding of no change in
oxygen concentration or hydrogen peroxide when
ascorbic acid was irradiated with:without a UV B
photosensitizer. For example if oxygen is reduced to
Table 1
Concentration (mM) of water soluble aqueous humor antioxidants in mammals: mature New Zealand White rabbits; young Sprague–Dawley rats;
elderly human cataract patients
Mammalian Aqueous Humor (mM)
CYS AA GSH UA TYR
1541933315.794.7New Zealand Rabbits (n3) 101 [14]32.299.425.393.8
63.0Sprague–Dawley Rats (n24) pooled nd11.212517.9
14.3 530Human cataract patients (n3) pooled 5.5 43 78
Values calculated against Sigma standards as described in the text and reference [5,39].
Values expressed as mean9S.D. nd, not determined, as identity of L-tyrosine peak not established.
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Fig. 4. Time course of ascorbic acid and H2O2 decay following
addition of a bolus of H2O2 to synthetic human aqueous humor
with:without L-tyrosine. Ascorbic acid oxidation is both faster and
greater in the synthetic aqueous humor mixture (P0.10; repeated
factors ANOVA).
The first report of the aqueous humor amino acid
cysteine in mammals (monkey) [27] has been confirmed.
Cysteine is the rate limiting precursor for glutathione
synthesis, and one breakdown product. Cysteine and
derivatives were also the first radioprotectors discov-
ered [28]. Both cellular thiol antioxidants, cysteine and
glutathione, are more concentrated in the nocturnal rat
than in two diurnal species (rabbits and humans) which
maintain a high concentration of ascorbic acid.
Uric acid is present in the aqueous humor of each
type of mammal. Two review articles [25,29] suggest a
significant role for uric acid in primate plasma, possibly
in regulating the redox state of the glutathione-ascorbic
acid system [30,31]. However, human aqueous humor
uric acid is similar in concentration to that of cere-
brospinal fluid and only a fraction of human plasma
concentration, signifying that uric acid does not easily
enter the anterior-chamber. This contrasts with ascorbic
acid which is actively transported from the ciliary
epithelium.
The electrochemically active amino acid tyrosine is of
second highest concentration compared to other
aqueous humor water soluble antioxidants in humans.
It’s properties have been evaluated in synthetic aqueous
humor, where it tends to act as an oxidant in agreement
with empirical observations and one electron reduction
potential-thermodynamic predictions. Tyrosine has re-
cently been mentioned as a biological antioxidant [32].
Tyrosine is a hydroxyl radical scavenger, singlet oxy-
gen quencher and weak photosensitizer [13]. These
properties are distinct from it’s well known roles as an
enzyme co-factor in DNA synthesis, an amino acid in
signal transduction and a precursor for melanin and
catecholamines. In that the aqueous humor:plasma ra-
tio of tyrosine is 1.74 in rabbits; 1.26 in monkeys and
1.84 in human [16], tyrosine appears not to undergo
active transport from the ciliary epithelium.
The physiologic equivalent of 5.5 h of UV B aqueous
humor sunlight hours and the in vitro equivalent of
100% oxygenation did not result in deterioration of
each water soluble antioxidant component singly, or
when combined in synthetic or biologic aqueous hu-
mor. Addition of the endogenous UV B photosensitizer
L-tryptophan at it’s physiologic aqueous humor con-
centration did not result in deterioration of synthetic
aqueous humor water soluble antioxidant components
despite the fact that L-tryptophan is photochemically
altered [33,17]. Further, hydrogen peroxide was not
produced to a significant degree by the oxidation of
ascorbic acid when a chelator was present.
If the high concentration of hydrogen peroxide re-
ported in some cataract patients [34] is derived from a
UV B mediated photochemical reaction, the process is
not initiated in our system. The presence of other
photosensitizers in vivo may be significant.
repeated factors ANOVA). This finding is in agreement
with empirical observations and one electron reduction
thermodynamic predictions. That is, the redox pair
tyrosinol-O, H:tyrosinol-OH has an E0 0.80 V
while AA:H:AA monoanion (vitamin C) has a redox
potential E0 0.32 v.
4. Discussion
Advantages of HPLC:EC are its high sensitivity,
accuracy, convenience, linearity and the ability to deter-
mine concentrations of several electrochemically active
molecules in a single assay. Five major water soluble
antioxidants have been identified and their concentra-
tions in three species of mammalian aqueous humor
determined. We have previously identified these same
molecules in rabbit, cow and rat vitreous humor [5] and
in human tears collected at low and high flow rates [6].
All five molecules are conserved by the kidney.
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Examination of UV B damage thresholds to other
relevant contiguous tissues i.e. cornea [35] and lens [36]
reveals that physiologic relevant doses of UV B radia-
tion in the order of 30–60 mJ:cm2 would primarily
impact DNA. Indeed, 14 major studies link UV B
exposure and cataract [37]. Further teleological argu-
ments based upon (1) a lens gamma glutamyl cycle that
is sluggish, (2) specific lens epithelial cell transporters
for thiols, and (3) high aqueous humor turnover rate,
suggest that it would be disadvantageous for radiation
to destroy thiols. This is the result we found in our
radiation experiments. That is, a fortunate consequence
of aqueous humor thiols not being damaged by UV B
solar radiation is that they remain available to the lens,
particularly the anterior lens epithelium. Glutathione is
initially depleted in every known model of cataract. In
addition to maintaining a reduced environment in the
anterior-chamber, i.e. for protection of glutathione, a
recent publication suggests that the role of ascorbic
acid at high concentration in the aqueous humor of
diurnal animals is to quench tryptophan-induced
fluorescence [38].
Water soluble antioxidant ‘hierarchy experiments’
with high oxygen partial pressure and without radiation
demonstrate that 90% of a bolus of 500 mM hydrogen
peroxide is eliminated within 1 h upon addition to
synthetic aqueous humor (lacking catalase or peroxi-
dase enzymes). The hierarchy of human aqueous humor
water soluble antioxidants to a hydrogen peroxide chal-
lenge (without radiation and high oxygen) is: CYS\
GSH\AA\UA\TYR.
In conclusion, mammalian aqueous humor, like vit-
reous humor, contains multiple low MW water soluble
electrochemically active components. This complexity
must be recognized in choosing appropriate animal
models to evaluate aqueous humor antioxidant defense.
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